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This application is based on Japanese Patent 
Application No. 2001-27273 filed on February 2, 2001, the 
content of which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

This invention relates to an optical fiber amplifier 
and an optical communication system using the optical fiber 
amplifier. 

DESCRIPTION OF THE RELATED ART 

It has become increasingly important year after year 
to increase the capacity of the optical communication 
system. One of the promising approaches to higher 
communications capacities is the fiber-optic wavelength 
division multiplexing system (WDM system) . In order to 
increase the capacity of the WDM system and the number of 
available channels, an amplifier presenting flat gain 
characteristics over a wider range of wavelength will be 
needed; for example, a bandwidth wider than lOOnm is 
predicted to become necessary in the future. 

As conventional amplifiers for the fiber-optic 
communication system, rare-earth element doped amplifiers 
such as the Erbium-doped fiber amplifier (EDFA) , 
Thulium-doped fiber amplif ier (TDFA) and Praseodymium- 



doped fiber amplif ier (PDFA) have been used. However, the 
band for signal amplification is dependent on the doped 
element and this band cannot be changed as desired, in such 
rare-earth doped fiber amplifiers. In addition, the 
wavelength range of flat gain is currently limited to 40nm 
at the maximum in such rare-earth doped fiber amplifiers. 
Also, it is not allowed to amplify signals in the 
1510-1530nm range or the range of 1460nm or less. Three 
or four rare -earth doped fiber amplifiers for different 
wavelengths must be jointly used to provide a bandwidth 
of about 100-200nm of flat gain characteristics. Then the 
system will be complex and its manufacturing cost will 
become high. 

Meanwhile, Raman fiber amplifiers have been 
intensively investigated in recent years, which can 
amplify light signals in the ranges where the rare-earth 
doped fiber amplifiers cannot work, and whose 
amplification range can be set in any desired wavelengths. 
FIG.1A illustrates the structure of the prior art Raman 
amplifier using the silica fiber (hereafter , silica Raman 
amplifier) . The Raman amplifier of this type is described 
by H. Masuda et al. in Tech. Dig. of ECOC, pp. 139-140, 1998. 
This amplifier intensifies the input signals that have gone 
through wavelength division multiplexing. This Raman 
amplifier has an optical fiber 51 serving as a gain medium, 
a pump light source 53 for pumping the medium and a coupler 
52 for combining the pump light emitted from the pump light 
source and the signal light . This optical fiber is usually 



a silica fiber having a large NA(numerical aperture). 
Note that, for simplicity of description, FIG.1A does not 
show common optical parts such as isolators installed 
before and after the optical fiber. 

The amplifier shown in FIG.1A has the configuration 
that is most commonly employed where the pump light and 
the signal light travel in opposite directions, namely, 
the backward pumping configuration. The following 
description, however, may apply to the forward pumping 
configuration as well. The pump light emitted from the 
pump light source may have a one or more wavelength . FIG . IB 
illustrates the gain coefficient spectrum of a silica Raman 
amplifier using pump light of a single wavelength. The 
horizontal axis represents the difference in wavelength 
between the signal light and the pump light. The gain 
coefficient spectrum of this silica Raman amplifier using 
pump light of a single wavelength shows a single peak at 
around lOOnm. The flat gain bandwidth is about 20nm at 
most in this silica Raman amplifier using pump light of 
a single wavelength. 

Y. Emori et al. presented a silica Raman amplifier 
in Proc. of OFC, PD19 in 1999 , that was capable for 
providing a flat gain bandwidth of up to lOOnm by a gain 
spectrum flattening and bandwidth widening technique 
using pump light of 10 and some wavelengths. The range 
of the flat gain bandwidth was determined by the physical 
properties of the silica fiber. This silica Raman 
amplifier was very expensive because it needed more than 



10 light sources of different wavelengths and an optical 
circuit for combining the pump light beams emitted from 
those light sources . 

The continuous flat gain bandwidth provided by 
low-cost amplifiers has been typically limited to about 
60nm in the prior art. 

Thus there has been a long- lasting demand for an 
amplifier capable of providing a wider band(60nm or more) 
and flatter gain characteristics than the conventional one, 
in order to increase the capacity and available channel 
number of the WDM system. 

SUMMARY OF THE INVENTION 

It is, therefore, the object of the present invention 
to provide an optical fiber amplifier and an optical 
communication system using the amplifier for yielding a 
wideband and flat gain spectrum by combining more than one 
gain spectrum. 

The inventors have found that the gain coefficient 
spectrum of the Raman amplifier using tellurite-glass as 
the gain medium (hereaf ter , tellurite Raman amplifier) 
lies in longer wavelengths than those for the silica Raman 
amplifier if the pump wavelength is the same. FIG. 2 shows 
the gain coefficient spectrum of the tellurite -Raman 
amplifier using pump light of a single wavelength. The 
horizontal axis represents the difference in wavelength 
between the single light and the pump light. As evident 



from FIG. 2, the tellurite -Raman amplifier has two peaks 
in its gain coefficient spectrum at around 170nm and 90nm 
in wavelength difference (hereafter, referred to as the 
first peak PI and the second peak P2, respectively) , while 
presenting a valley at around 120nm in wavelength 
difference (hereafter, the first bottom Bl). The gain 
coefficient falls at wavelengths shorter than the 
wavelength of the second peak (hereafter, this region is 
referred to as the second bottom B2 ) . 

Since the tellurite Raman amplifier has a Stokes 
shift larger than that of the silica Raman amplifier and 
the distance between the first peak PI and the second peak 
P2 is long, it has the potential to be a wideband amplifier 
applicable to wider ranges of wavelength . In order to make 
the tellurite Raman amplifier available in the WDM system, 
the gain coefficient spectrum must be flattened by raising 
the gain coefficient in the first bottom Bl located between 
the first peak PI and the second peak P2 . Further, if the 
gain coefficient in the second bottom B2 is also raised, 
the tellurite Raman amplifier can be used as an amplifier 
for the WDM system that will utilize a wider bandwidth in 
the future. 

Besides, since the gain coefficient of the tellurite 
Raman amplifier is higher than that of the silica Raman 
amplifier, the same level of gain coefficient is provided 
by a shorter tellurite-glass fiber. For these reasons, 
the tellurite Raman amplifier is advantageous for use in 
the WDM system. 
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The first aspect of the present invention is a Raman 
amplifier having a tellurite fiber pumped with at least 
two pump light beams of different wavelengths, wherein the 
5 difference in wavelength is predetermined. This Raman 
amplifier may have two or more tellurite fibers to present 
a multi-stage structure ( the first and second 
embodiments) . 

The second aspect of the present invention is a Raman 
10 amplifier having a tellurite fiber pumped with pump light 
of a single wavelength and a silica fiber pumped with 
another pump light of a single wavelength, wherein the 
wavelengths of pump light are different from each other (the 
third to fifth embodiments). 

The third aspect of the present invention is a Raman 
O amplifier having a plurality of tellurite and silica fibers 

alternately located, wherein those fibers are pumped with 
at least two pump light beams of different wavelengths ( the 
sixth embodiment). 

The fourth aspect of the present invention is a Raman 
amplifier having a tellurite fiber pumped with pump light 
of a single wavelength and a silica fiber pumped with two 
or more pump light beams of wavelengths different from each 
other (the seventh embodiment). 

The fifth aspect of the present invention is a Raman 
amplifier having a tellurite fiber pumped with two or more 
pump light beams of wavelengths different from each other 
and a silica fiber pumped with pump light of a single 
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wavelength (the eighth embodiment). 

The sixth aspect of the present invention is a Raman 
amplifier having a tellurite fiber pumped with two or more 
pump light beams of wavelengths different from each other 
and a silica fiber pumped with two or more pump light beams 
of wavelengths different from each other* This Raman 
amplifier may have an additional tellurite fiber pumped 
with two or more pump light beams of wavelengths different 
from each other (the ninth and tenth embodiments). 

The seventh aspect of the present invention is a Raman 
amplifier having a rare -earth doped fiber and a tellurite 
fiber, wherein those fibers are pumped with pump light 
beams of wavelengths different from each other (the 
eleventh to fourteenth embodiments). 

The eighth aspect of the present invention is a Raman 
amplifier having a tellurite fiber to which a low 
concentration of erbium has been doped, wherein this fiber 
is pumped with two pump light beams (the fifteenth and 
sixteenth embodiments). 

The ninth aspect of the present invention is an 
optical communication system having a tellurite fiber and 
a silica fiber serving as a transmission line, wherein 
those fibers are pumped with pump light beams of 
wavelengths different from each other (the seventeenth 
embodiment ) . 

The tenth aspect of the present invention is an 
optical communication system having: a tellurite fiber 
pumped with light of a single wavelength or pumped with 



two or more pump light beams of wavelengths different from 
each other; a first silica fiber pumped with light of a 
single wavelength or pumped with two or more pump light 
beams of wavelengths different from each other; and a 
5 second silica fiber that serves as a transmission line and 
is pumped with light of a single wavelength or pumped with 
two or more pump light beams of wavelengths different from 
each other (the eighteenth embodiment). 

The optical fiber amplifier according to the present 
10 invention is a Raman fiber amplifier using a tellurite 
fiber in principle and provides such advantages as the 
widening of flat gain wavelength region, reduction of noise 
figure and augmented output of the amplifier, through the 

m combination of techniques: 1) pumping the tellurite fiber 

Q 

15 with two wavelengths; 2) pumping the tellurite fiber and 
5t the silica fiber with different wavelengths; 3) pumping 

the low- concentration Er- doped tellurite fiber with one 
or two wavelengths; and 4) pumping the tellurite fiber and 
the Tm-doped fiber with different wavelengths. The 

20 approach of the present invention can reduce the 

manufacturing cost of the amplifier because the above goals 
are attained with a minimal number of pumping light 
sources . 

Also the optical communication system according to 
25 the present invention is a system that uses a repeater 
incorporating the tellurite fiber and the silica fiber 
transmission line for distributive amplification. 
Through the combination of the above techniques , the range 
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of flat gain bandwidth is expanded, noise figure is reduced, 
and the output of the amplifier is augmented even with a 
minimal number of pump light sources. 

The above and other objects, effects, features and 
5 advantages of the present invention will become more 
apparent from the following description of the embodiments 
thereof taken in conjunction with the accompanying 
drawings . 

10 BRIEF DESCRIPTION OF THE DRAWING 

FIG.l is a diagram illustrating the silica Raman 
amplifier of prior art and its gain coefficient spectrum, 
FIG. 1A showing the structure of the silica Raman amplifier, 
15 and FIG. IB showing its gain coefficient spectrum; 

FIG. 2 is a diagram illustrating the gain coefficient 
spectrum of a tellurite Raman amplifier using pump light 
of a single wavelength; 

FIG. 3 is a diagram illustrating the structure of the 
20 Raman amplifier according to the first embodiment of the 
invention; 

FIG. 4 illustrates the gain coefficient spectra of the 
tellurite Raman amplifier according to the first 
embodiment of the invention, FIG.4A showing the gain 
25 spectrum (relative value in dB values) obtained in Example 
1, and FIG.4B showing the gain spectrum (relative value in 
dB values) obtained in Example 2; 

FIG -5 is a diagram illustrating the structure of the 
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Raman amplifier according to the second embodiment of the 
invention; 

FIG .6 is a diagram illustrating the structure of the 
Raman amplifier according to the third embodiment of the 
invention; 

FIG .7 is a diagram illustrating the structure of the 
Raman amplifier according to the fourth embodiment of the 
invention; 

FIG. 8 is a diagram illustrating the structure of the 
Raman amplifier according to the fifth embodiment of the 
invention; 

FIG. 9 is a diagram illustrating the structure of the 
Raman amplifier according to the sixth embodiment of the 
invention; 

FIG. 10 is a diagram illustrating the structure of the 
Raman amplifier according to the seventh embodiment of the 
invention; 

FIG. 11 illustrates the gain spectra of the Raman 
amplifier according to the seventh embodiment of the 
invention, FIG.11A showing the gain spectrum( relative 
value in dB values) obtained in Example 4 for comparison, 
and FIG.11B showing the gain spectrum (relative value in 
dB values) obtained in Example 8; 

FIG. 12 is a diagram illustrating the structure of the 
Raman amplifier according to the eighth embodiment of the 
invention ; 

FIG. 13 is a graph illustrating the Raman gain of the 
tellurite fiber pumped with light of a single wavelength 
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and that of two wavelengths; 

FIG. 14 is a diagram illustrating the structure of the 
Raman amplifier according to the ninth embodiment of the 
invention; 

FIG. 15 is a diagram illustrating the structure of the 
Raman amplifier according to the tenth embodiment of the 
invention; 

FIG. 16 is a diagram illustrating the structure of the 
Raman amplifier according to the eleventh embodiment of 
the invention; 

FIG. 17 is a diagram illustrating the structure of the 
Raman amplifier according to the twelfth embodiment of the 
invention; 

FIG. 18 is a diagram illustrating the structure of the 
Raman amplifier according to the thirteenth embodiment of 
the invention; 

FIG. 19 is a diagram illustrating the structure of the 
Raman amplifier according to the fourteenth embodiment of 
the invent ion ; 

FIG. 20 is a diagram illustrating the structure of the 
Raman amplifier according to the fifteenth embodiment of 
the invention; 

FIG. 21 is a diagram illustrating the structure of the 
Raman amplifier according to the sixteenth embodiment of 
the invention; 

FIG. 22 is a diagram illustrating the structure of the 
optical communication system according to the seventeenth 
embodiment of the invention; and 
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FIG. 23 is a diagram illustrating the structure of the 
optical communication system according to the eighteenth 
embodiment of the invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

This invention relates to a Raman amplifier using the 
tellurite fiber and an optical communication system using 
this amplifier, more specifically, to a Raman amplifier 
for amplifying the signal light of the 1.3-1. 5iim band which 
is the wavelength region of low propagation loss for 
optical fibers and the optical communication system using 
this amplifier. In general, the Raman amplifier can 
enhance the signal intensity in any desired range of 
wavelength by properly selecting a wavelength for pumping. 

In this specification, "connecting in series" two 
members means that signal light propagates between the two 
members with experiencing no splitting. This expression 
indicates that there may exist common optical parts (such 
as a coupler for introducing pump light) between the two 
members . 

The first Embodiment 

The first embodiment of the present invention is a 
tellurite Raman amplifier shown in FIG. 3 that has a 
tellurite fiber and two laser sources for pump light of 
different wavelengths. The difference in wavenumber 
between the two pump light beams emitted from the 
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respective laser sources is 125-290cm _1 in absolute values. 

Referring now to FIG. 3, the optical fiber serving as 
a gain medium is a tellurite fiber 1 . The two pump light 
beams emitted from the laser sources 5a and 5b are coupled 
in the coupler 4 and then enter the tellurite fiber 1 via 
the coupler 2 opposite in direction to the travel of signal 
light . 

The available tellurite fibers have compositions of 
Te0 2 -ZnO-M 2 0-L 2 0 3 or Te0 2 -ZnO-M 2 0-L 2 0 3 -Q0 2 . In these 
compositions, "M" represents one or more alkaline metals; 
"L" at least one of B, Bi, La, Al, Ce, Yb and Lu; and "Q" 
at least one of Ge, Si and Ti. The tellurite fiber may 
be a dispersion compensating fiber. 

The laser sources 5a and 5b may be semiconductor laser 
modules (LDM) or Raman laser. Particularly, LDM is 
suitable for practical use because it is compact , reliable 
and long-life. Thus the embodiments of the present 
invention employ LDM as the laser source. However, it is 
evident that laser modules other than LDM will provide the 
same effects. In this specification, two LDMs 5a and 5b 
are denoted as LDM- 1 and LDM- 2, while their pump light 
wavelengths are denoted Xl and X2 respectively. 

In FIG. 3, the pump light of more than one wavelength 
precombined the pump light beams emitted from two pump 
light sources LDM- 1 and LDM- 2 is introduced into the 
tellurite fiber 1 via the coupler 2. However, the pump 
light beams emitted from LDM- 1 and LDM- 2 may be separately 
injected into the tellurite fiber without precombination. 
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FIG. 3 shows a configuration where the pump light 
travels in opposite to the direction of signal light, 
namely, in the backward pumping configuration; however, 
it may take the forward pumping configuration where the 
signal light and the pump light travel in the same 
direction . 

Alternatively, a gain equalizer may be installed 
downstream of the tellurite fiber 1 or the coupler 2 in 
FIG. 3, to further flatten the gain coefficient spectrum. 

In order to extend the flat gain region of the Raman 
amplifier according to the present invention, Xl and X2 
should be set at wavelengths so that the first bottom in 
the gain coefficient spectrum provided by the pump light 
of wavelength Xl is compensated by the first peak in the 
gain coefficient spectrum provided by the pump light of 
wavelength X2. As indicated by the gain coefficient 
spectrum shown in FIG. 2, the flat gain region can be 
extended when the difference between Xl and X2 is 30-70nm. 
The difference between Xl and X2 is preferably 35-60nm, 
more preferably 40-50nm. 

The Raman amplifier can operate at any desired 
wavelength range corresponding to the wavelength of pump 
light . The gain band is expressed more precisely by energy 
or wavenumber (cm" 1 , kayser) than by wavelength. For 
example, a difference of 30-50nm in wavelength in the above 
1.55um band is equal to a difference about 125-290cm" 1 in 
wavenumber. This difference in wavenumber is maintained 
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in any wavelength band. Note that a difference of 125cm" 1 
in wavenumber corresponds to a difference of 30nm in 
wavelength in the 1.55pm band, while it corresponds to a 
difference of 24.5nm, 0.86 times the above value, in the 
1.4pm band. 

Instead of two laser sources, three or more laser 
sources may be used that emit pump light beams of different 
wavelengths. Namely, three or more laser sources may also 
be used as far as their wavelength settings are the same 
as the above. More specifically, the three or more laser 
sources are divided into two wavelength groups of which 
wavelength ranges do not overlap, and the absolute value 
of the difference in wavenumber between their 
corresponding weight center wavelengths of the two 
wavelenght groups is at 125-290cm" x . 

The weight center wavelength Xc is defined as follows 
assuming that the light powers of as many as n wavelengths 
(Xl-Xn) are given by Pl-Pn. 



If described on a quantitative basis, assuming that 
the first wavelength group is made of ^ll-?iln and the second 
wavelength group of X21-X<2m(Xl-A,ln>X,21-)v,2m) and that the 
weight center wavelength of the first wavelength group is 
Xlo and that of the second wavelength group X2c , the 
difference between Xlc and X2c is adjusted in 30-70nm. 
Therefore, the absolute difference in wavenumber between 
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light beams corresponding to center wavelengths Xlc and 
\2c of the two groups is 125 -290cm' 1 . 

For example, a four-wavelength setting may be 
employed where the individual set of wavelength and power 
are 1460nm, 200mW; 1450nm f 50mW; 1410nm, 200mW; andl400nm, 
50mW. In this case, the weight center wavelength of the 
two pump light beams of 1460nm, 200mW and 1450nm, 50mW, 
is 1458nm; while that of another two beams, 1410nm, 200mW 
and 1400nm, 50mW, is 1408nm. Since the difference in 
weight center wavelength is 50nm, this four-wavelength 
setting works equally with the above two -wavelength 
pumping setting. 

In order to extend the flat gain band based on the 
above wavelength settings for pump light, it is necessary 
to control the magnitude of the gain coefficient provided 
by each pump light. Such control of the gain coefficient 
is performed by setting the output power of light sources 
LDM-1 and LDM-2 at appropriate levels. 

[Example 1] 

In the Raman amplifier shown in FIG. 3 , the wavelength 
of pump light emitted from LDM-1 was set at 1460nm and its 
power at 500mW; while that of pump light emitted from LDM-2 
at 1410nm and its power at 500mW. The length of the 
tellurite fiber 1 was 200m. 

FIG. 4 A demonstrates the gain spectrum (relative value 
in dB values ) provided by the present example . The present 
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example provided a gain spectrum flattened over the about 
150nm range (flat gain band) between around 150G-1650nm. 
This flat gain band was considerably wider than the about 
60nm range provided by prior art. 

The tellurite fiber used in the present embodiment 
was much shorter than the silica fiber used in the prior 
art silica Raman amplifier. However, it had gain 
coefficients equal to or higher than those of the silica 
fiber. 

[Example 2] 

Example 1 was repeated except that the wavelength of 
pump light emitted from LDM-2 was set at 1420nm. 

PIG. 4B demonstrates the gain spectrum (relative value 
in dB values ) provided by the present example . The present 
example provided a gain spectrum flattened over the about 
150nm range (flat gain band) between around 1500-1650nm. 
This flat gain band was considerably wider than the about 
60nm range provided by prior art. 

The second Embodiment 

The second embodiment of the present invention is a 
tellurite Raman amplifier shown in FIG. 5 that has two 
tellurite fibers , a gain equalizer installed between these 
tellurite fibers, and two laser sources for pump light of 
different wavelengths (^1 and X2). 

In the configuration shown in FIG. 5, a tellurite 
fiber la, a coupler 2a , a gain equalizer 15, a tellurite 
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fiber lb, and a coupler 2b are connected in series. The 
pump light beams emitted from laser sources 5a and 5b are 
combined in the coupler 4. The combined pump light is 
divided by a splitter 16; one output beam from the splitter 
is guided to the coupler 2a to pump the tellurite fiber 
la and the other to the coupler 2b to pump the tellurite 
fiber lb. 

The tellurite fiber employed in this embodiment is 
the same as that used in the first embodiment. 

Pump light is supplied to both of the two tellurite 
fibers. In this case, separate pump light sources may be 
prepared for the individual tellurite fibers. However, 
it is better to use a single light source like 3 that shown 
in FIG. 5, for simplicity of configuration and low cost for 
the Raman amplifier. Although FIG. 5 shows the backward 
pumping configuration, the forward pumping configuration 
is allowed as well in the present embodiment. 

The requirements that wavelengths Xl and X2 should 
meet for bandwidth widening of the flat gain band of the 
Raman amplifier are the same as those described in the first 
embodiment. Namely, when the difference between XI and 
X2 is set at a value between 30nm and 70nm, the flat gain 
band can be extended. In particular, Xl-X2=50nm is 
preferred. In the wavelength band for amplifying the 
signals of the 1.55pm band, the difference in wavenumber 
between the two pump light beams corresponding to the 
aforementioned wavelength difference, 30-50nm, becomes 
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about 125-290cm 1 . 

Alternatively, pump light beams emitted from three 
or more laser sources may be used, as is the case with the 
first embodiment. In such a case, the three or more laser 
pump beams are divided into two wavelength groups of which 
wavelength ranges do not overlap, and the absolute value 
of the difference in wavenumber between the corresponding 
weight center wavelengths of the two wavelength groups is 
set at 125-290cm _1 . 

A gain equalizer 15 is installed between the 
tellurite fibers la and lb so that the output power of the 
Raman amplifier is held high. Because signal light is 
amplified by the tellurite fiber lb located in the 
downstream stage after it has been attenuated to a 
predetermined extent in the gain equalizer 15, the output 
power of the Raman amplifier is determined by the output 
power of the tellurite fiber lb located in the downstream 
stage and kept at a high level. Meanwhile, if the gain 
equalizer 15 is installed in the final stage, namely, 
downstream of the tellurite fiber lb, the obtained output 
power will be lower than the output power of the tellurite 
fiber lb by the loss in the gain equalizer 15. 

The spectral characteristics of the transmission 
loss of the gain equalizer are determined taking account 
of the gain spectrum shown in FIG. 4 . For example, a simple 
equalization can be easily conducted on the gain spectrum 
shown in FIG. 4A in the about 1500-1650nm wavelength region 
with a gain equalizer having a transmission loss spectrum 
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having a Gaussian profile of which peak wavelength lies 
at about 1560nm and half width at half depth( hereinafter, 
referred to as half -width) is about 20nm. 

5 [Example 3] 

In the Raman amplifier shown in FIG* 5 , the wavelength 
of pump light emitted from LDM-1 was set at 1460nm and its 
power at 500mW; while that of pump light emitted from LDM-2 
at 1410nm and its power at 500mW. The tellurite fibers 
10 la and lb were 200m and 180m long, respectively. A gain 
equalizer was used that had a transmission loss spectrum 
having a Gaussian profile of which peak wavelength lay at 
about 1560nm, peak loss was 8dB and half -width was about 
20nm. 

15 The Raman amplifier of this example provided a flat 

gain spectrum over the about 1500-1650nm wavelength region. 
The flatness in the gain spectrum raised by 8dB, compared 
with the case using no gain equalizer. 

20 The third Embodiment 

The third embodiment of the present invention is a 
tellurite Raman amplifier shown in FIG. 6 that has a 
tellurite fiber, a silica fiber, two laser sources for pump 
light of different wavelengths and two couplers that 
25 combine the pump light emitted from these laser sources 
and signal light . 

Referring now to FIG. 6, the tellurite fiber 1, 
coupler 2a, silica fiber 11 and coupler 2b are connected 
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in series. The pump light (A,l) emitted from the first laser 
source 5a pumps the tellurite fiber 1 when introduced via 
the coupler 2a , while the pump light (X.2) emitted from the 
second laser source 5b pumps the silica fiber 11 when 
5 introduced via the coupler 2b. 

In this embodiment, the first bottom Bl of the gain 
coefficient spectrum of the tellurite fiber provided by 
H the pump light (XI) emitted from the first laser source is 

gstss "~ 

Q compensated by overlapping it on the peak of the gain 

io coefficient spectrum of the silica fiber provided by the 

\ i 

pump light (X2) . This compensation is attained by setting 
the difference between Xl and X2 at X2-)vl=25±15nm, namely, 
Jrf 10nm<X2-Xl<40nm. The difference between Xl and X2 is more 

D preferably 15nm-35nm, and most preferably 20-30nm. In the 

B 15 wavelength range of pump light used for amplifying the 
signals of the 1 . 55pm band, such a difference in wavelength 
of 10nm-40nm, corresponds to the difference in wavenumber 
of about 42-166cm _1 . 

Since the best parameter settings for the silica 
20 fiber 11 are similar to those for the dispersion 

compensating fiber(DCF) used in high-speed(f or example, 
lOGbit/s) optical communication systems, DCF can be 
employed as the silica fiber 11 in the present embodiment. 
DCF is a fiber that has the opposite dispersion of the fiber 
25 being used in a transmission system and compensate the 
distortion of light pulses caused by the dispersion of 
ref ractivity dependent on wavelength. Typical DCF for use 
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in transmission lines using the 1.3pm zero-dispersion 
fiber and the typical silica fiber for use in the Raman 
amplifier have almost the same compositions and numerical 
apertures. Since the typical tellurite fiber presents a 

5 negative dispersion in the 1.5jim band, it can be employed 
as DCF as is the case with the silica fiber. 

It is preferable in this embodiment to place the 
tellurite fiber 1 in the upstream stage of the signal light, 
because this configuration provides lower noise figure. 

10 This is explained by that the Raman gain band of the silica 
fiber is narrower than that of the tellurite fiber. For 
example, when M=1450nm, the Raman gain of the tellurite 
fiber have an appropriate value in the 1460-1620nm range. 
In this case, the wavelength of the pump light for the 

15 silica fiber, \2 , is required to be set at around 1475nm. 
Meanwhile , the region where the Raman gain can be obtained 
by the silica fiber is limited to wavelengths of X2+130nm 
or shorter(that is, 1605nm or shorter). If the silica 
fiber is located in an upstream stage, the noise figure 

20 degrades (i.e. noise increases) in the longer than )^2+130nm 
wavelength region( longer than 1605nm) because of a power 
loss in the silica fiber. Thus the tellurite fiber should 
be located in the upstream stage. 

In order to extend the flat gain band based on the 

25 above wavelength settings for pump light, it is necessary 
to control the magnitude of the gain coefficient provided 
by each pump light . The gain coefficient can be controlled 
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by properly setting the output powers of light sources 
LDM-1 and LDM-2 and the lengths of the silica fiber and 
tellurite fiber. 

[ Example 4 ] 

In the Raman amplifier shown in FIG . 6 , the wavelength 
of the first pump light emitted from LDM-1 was set at 1450nm 
and its power at 300mW. The wavelength of the second pump 
light emitted from LDM-2 was set at 1475nm and its power 
at 300mW. The tellurite fiber 1 and the silica fiber 11 
were 200m and 5km long, respectively. 

The Raman amplifier of this example provided a flat 
gain spectrum(f lat gain bandwidth of 80nm) over the about 
1550- 163 Onm wavelength region. 

The fourth Embodiment 

The fourth embodiment of the present invention is a 
tellurite Raman amplifier shown in FIG. 7 that has a 
tellurite fiber, a silica fiber, first and second laser 
sources for pump light of different wavelengths and a 
coupler that combines the pump light beams emitted from 
the first and second laser sources. 

Referring now to FIG. 7, a tellurite fiber 1, silica 
fiber 11 and coupler 2 are connected in series. The pump 
light (Xl) emitted from the first laser source 5a and the 
pump light (X2) emitted from the second laser source 5b are 
combined in the coupler 4 and then sent to the silica fiber 
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11 and tellurite fiber 1 in this order via the coupler 2. 
The signal light is introduced from the side of the 
tellurite fiber (namely , the tellurite fiber is located in 
the upstream stage of the signal light). 

These tellurite fiber and the silica fiber are the 
same as those employed in the third embodiment. 

Two pump light beams of different wavelengths emitted 
from the first and second laser sources 5a and 5b first 
pump the silica fiber 11 and then the light that was not 
used in the pumping of the silica fiber goes out of the 
silica fiber 11. Subsequently, the two pump light beams 
coming out of the silica fiber pump the tellurite fiber 
1. 

In this embodiment, the first bottom of the gain 
coefficient spectrum of the tellurite fiber provided by 
the pump light (Xl) emitted from the first laser source is 
compensated by overlapping it on the peak of the gain 
coefficient spectrum of the silica fiber provided by the 
pump light (\2) . This compensation is attained by setting 
the difference between Xl and X2 at X2-Xl=25±15nm, namely, 
10nm<A.2-?a<40nm. The difference between Xl and \2 is more 
preferably 15nm-35nm, and most preferably 20-30nm. In the 
wavelength region of pump light used for amplifying the 
signals of the 1.55pm band, the difference in wavenumber 
corresponding to such a difference in wavelength, 
10nm-40nm, is about 42- 166cm" 1 . 

It is noted that the gain coefficient spectrum of the 
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whole Raman amplifier according to this embodiment is 
slightly different from that of the Raman amplifier 
according to the third embodiment using the pump light 
beams of the same wavelengths Xl and X2 , because it includes 
the gain coefficient spectrum of the silica fiber pumped 
with the light of wavelength Xl and that of the tellurite 
fiber pumped with the pump light of wavelength XI 
attenuated in the silica fiber and with the pump light of 
wavelength X2. 

In the Raman amplifier according to this embodiment, 
it is preferable that the tellurite fiber 1 is located in 
the upstream stage of the signal light. However, the 
silica fiber 11 may be located in the upstream stage, 
exchanging the locations of the silica fiber 11 and the 
tellurite fiber 1. 

[Example 5] 

In the Raman amplifier shown in FIG. 7 , the wavelength 
of the first pump light emitted from LDM-1 was set at 1450nm 
and its power at 300mW. The wavelength of the second pump 
light emitted from LDM-2 was set at 1475nm and its power 
at 300mW. The tellurite fiber 1 and the silica fiber 11 
were 200m and 5km long # respectively. 

The Raman amplifier of this example provided a flat 
gain spectrum (flat gain bandwidth of 80nm) over the about 
1550-1630nm wavelength region. 
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The fifth Embodiment 

The fifth embodiment of the present invention is a 
tellurite Raman amplifier shown in FIG. 8 that has a 
tellurite fiber, a silica fiber , first and second laser 
5 sources for pump light of different wavelengths and a 
reflector installed between the tellurite fiber and the 
silica fiber to reflect either of the two pump beams emitted 

k from the first and second laser sources. 

o 

g Referring now to FIG. 8, a tellurite fiber 1, 

[} 10 reflector 12 , silica fiber 11 and coupler 2 are connected 

m 



in series . The pump light (Xl) emitted from the first laser 
source 5a and the pump light (>^2) emitted from the second 
laser source 5b are combined in the coupler 4 and introduced 
into the silica fiber 11 via the coupler 2. The signal 
15 light is introduced from the side of the tellurite 
fiber (namely , the tellurite fiber is located in the 
upstream stage of the signal light). 

The reflector 12 that selectively reflects only the 
pump light of wavelength X2 can be a fiber grating. 
20 In this embodiment, both pump light beams of 

wavelengths Xl and X2 introduced from the coupler 2 into 
the silica fiber 11 pump the silica fiber and then go out 
of the silica fiber. Only the pump light of wavelength 
X2 is reflected by the reflector 12 and again enters the 
25 silica fiber 11 for pumping. Meanwhile, the pump light 
of wavelength Xl passes the reflector 12 and enters the 
tellurite fiber 1 for pumping. 
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In this embodiment, as is the case with the fourth 
embodiment, the first bottom of the gain coefficient 
spectrum of the tellurite fiber provided by the pump 
light (Xl) emitted from the first laser source is 
5 compensated by overlapping it on the peak of the gain 
coefficient spectrum of the silica fiber provided by the 
pump light (A.2) . This compensation is attained by setting 
^ the difference between Xl and \2 at X2-Xl=25±15nm, namely, 

hL 10nm<X2-Xl<40nm. The difference between Xl and X2 is more 

w % 

y. 

ll 10 preferably 15nm-35nm r and most preferably 20-30nm. In the 

H wavelength range of pump light used for amplifying the 

HI 

signals of the 1.55jim band, the difference in wavenumber 



corresponding to such a difference in wavelength. 



M 10nm-40nm, is about 42 -166cm 1 . 

Q 15 Note that the gain coefficient spectrum of the whole 

ry 

Raman amplifier according to this embodiment is slightly 
different from that of the Raman amplifier according to 
the third and fourth embodiments using the pump light beams 
of the same wavelengths Xl and X2 , because it includes the 

20 gain coefficient spectrum of the silica fiber pumped with 
the light of wavelength Xl and that of the tellurite fiber 
pumped with the light of wavelength Xl attenuated in the 
silica fiber . 

In the present embodiment, it is preferable that the 

25 tellurite fiber 1 is located in the upstream stage of the 
signal light because of the reason described in the third 
embodiment. However, the same result is provided even if 
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the system is configured so that the locations of the silica 
fiber 11 and the tellurite fiber 1 are exchanged, and the 
center wavelength of the reflector (fiber grating) is set 
at Xl, thereby the silica fiber being located in the 
upstream stage, and the pump light of wavelength Xl pumping 
only the tellurite fiber 1. 

[Example 6] 

In the Raman amplifier shown in FIG* 8 , the wavelength 
XI of the first pump light emitted from LDM-1 was set at 
145 Onm and its power at 300mW. The wavelength X2 of the 
second pump light emitted from LDM-2 was set at 1475nm and 
its power at 200mW. The tellurite fiber 1 and the silica 
fiber 11 were 200m and 5km long, respectively. 

The Raman amplifier of this example provided a flat 
gain spectrum(f lat gain bandwidth of 8 Onm) over the about 
1550~1630nm wavelength region. Besides, in this 
embodiment, the power of the pump light of wavelength X2 
can be lowered than that in the fifth embodiment. This 
is because in the present configuration the reflector 12 
has been installed so that the pump light of wavelength 
X2 pumps only the silica fiber 11 due to the reflection 
by the reflector 12. 

The sixth Embodiment 

The sixth embodiment of the present invention is an 
optical fiber amplifier shown in FIG. 9 that has a plurality 
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of tellurite fibers, a plurality of silica fibers, two 
laser sources of different wavelengths and a coupler 
combining the pump beams emitted from these laser sources. 
Those tellurite fibers and the silica fibers are located 
5 alternately. 

In FIG. 9, the tellurite fibers la, lb and silica 
fibers 11a, lib are alternately located; and the coupler 
2 is installed in the downstream stage of the signal light 

q for those fibers. The pump light (M) emitted from the 

y i 

jU. 10 first laser source 5a and the pump light (A,2) emitted from 

' % l the second laser source 5b are combined in the coupler 4, 

ly and then introduced into the alternately located fibers 

Q via the coupler 2. 

ru 

Q The requirements that wavelengths hi and X2 should 

m 

Q 15 meet are the same as those described in the fourth 

m 

embodiment . The difference between Xl and X2 should be set 
at X2-Xl=25±15nm, namely, 10nm<?\,2-M<40nm. The 
difference X2-X1 between XI and \2 is more preferably 
15nm-35nm, and most preferably 20nm~30nm. In the 

20 wavelength range of pump light used for amplifying the 
signals of the 1.55pm band, the difference in wavenumber 
corresponding to such a difference in wavelength, 
10nm-40nm, is about 42-166cnT 1 . 

Although FIG . 9 shows an example where two tellurite 

25 fibers and two silica fibers are alternately located, they 
may be more than two, as far as they are alternately 
located. 
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Since this embodiment uses a plurality of short 
fibers, the noise figure can be reduced. If the gain 
coefficient in the first bottom or the second bottom of 
the gain spectrum of the tellurite fiber is small, the noise 
figure will rise because of the power loss in the tellurite 
fiber. The extent of this rise in noise figure is 
proportional to the length of the fiber, eventually, to 
the loss in fiber in dB values. That is, the noise figure 
of the short fibers used in this embodiment is lower than 
that of longer fibers. The signal in the first or second 
bottom of the tellurite fiber is pumped in the silica fiber 
installed in the following stage, and then signals of less 
noise can be provided. 

In this embodiment, the tellurite fiber la is located 
in the most upstream stage in the direction the signal light 
travels. Nevertheless, since the increase in noise in 
each fiber is small in this embodiment, the same effects 
can be obtained even under the configuration in which the 
silica fiber 11a is installed in the most upstream stage. 

[Example 7] 

In the Raman amplifier shown in FIG. 9 , the wavelength 
of the pump light emitted from LDM-1 was set at 1450nm and 
its power at 300mW. The wavelength of the pump light 
emitted from LDM-2 was set at 1475nm and its power at 300mW. 
The tellurite fibers la, lb were 100m long; and the silica 
fibers 11a, lib were 2.5km long. 

The Raman amplifier of this example provided a flat 
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gain spectrum (flat gain bandwidth of 160nm) over the about 
1460-1620nm wavelength region. In addition, while the 
noise figure in the spectrum of the fifth embodiment was 
8dB at the maximum, it was 6dB at the maximum in this 
embodiment . 

The seventh Embodiment 

The seventh embodiment of the present invention is 
a tellurite Raman amplifier shown in FIG. 10 that has the 
first, second and third laser sources for pump light beams 
of different wavelengths, a tellurite fiber pumped with 
the pump light beam emitted from the first laser source 
and a silica fiber pumped with the pump light beams emitted 
from the second and third laser sources . 

Referring now to FIG. 10, a tellurite fiber 1, a 
coupler 2a, a silica fiber 11 and a coupler 2b are connected 
in series. The signal light comes in the tellurite fiber 
1 from the left side. The first pump light (Xl) emitted 
from the first laser source 5a enters the tellurite fiber 
1 via the coupler 2a. The second and third pump light (X.2 
and X3) emitted from the second and third laser sources 
5b and 5c are combined in the coupler 4 and then introduced 
into the silica fiber 11 via the coupler 2b. 

In this embodiment , \2 is controlled so that the peak 
in the gain spectrum of the silica Raman amplifier pumped 
with the light of wavelength X2 is located at the first 
bottom Bl of the gain spectrum of the tellurite Raman 
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amplifier shown in FIG. 2. On the other hand, \3 is 
controlled so that the peak in the gain spectrum of the 
silica Raman amplifier pumped with the light of wavelength 
K3 is located at the second bottom B2 of the gain spectrum 
5 of the tellurite Raman amplifier shown in FIG. 2. As a 
result of such settings, a flat gain spectrum is obtained 
over a wide wavelength region, since both of the first and 
second bottoms in the gain spectrum of the tellurite Raman 
G amplifier are compensated by the two peaks in the gain 

yi 10 spectrum of the silica Raman amplifier. 
% i This compensation is attained by setting the 

ly difference between Xl and \2 at X2->^l=25±15nm # namely, 

ijf 10nm<?i2-A,l<40nm. This difference corresponds to a 

Q difference of 42 -166cm" 1 in wavenumber between the first 

Q 15 pump light and the second pump light in the wavelength band 

fit 

of interest in this embodiment. Besides, the difference 
between X.1 and X,3 is set at A,l-X3=40±30nm, namely, 
10nm<Xl-X3<70nm. This difference corresponds to a 
difference of 42 -166cm" 1 in wavenumber between the first 

20 pump light and the third pump light in the wavelength band 
of interest in this embodiment. 

In the present embodiment, it is preferable that the 
tellurite fiber is located in the upstream stage of the 
signal light because of the reason described in the fourth 

25 embodiment. However, it is also possible to install the 
silica fiber in the upstream stage. 
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[Example 8] 

In the Raman amplifier shown in FIG. 10 , the 
wavelength of the first pump light emitted from LDM-1 was 
set at 1450nm and its power at 300mW. The wavelength of 
the second pump light emitted from LDM-2 was set at 1475nm 
and its power at 150mW. The wavelength of the third pump 
light emitted from LDM-3 was set at 1410nm and its power 
at 150mW. The tellurite fiber 1 and the silica fiber 11 
were 200m and 5km long, respectively. FIG.11B 
demonstrates the gain spectrum of the Raman amplifier 
according to the present embodiment. 

The Raman amplifier of this example provided a flat 
gain spectrum(f lat gain bandwidth of 130nm) over the about 
1500- 163 Onm wavelength range. 

The eighth Embodiment 

The eighth embodiment of the present invention is a 
tellurite Raman amplifier shown in FIG. 12 that has first, 
second and third laser sources for pump light beams of 
different wavelengths, a tellurite fiber pumped with the 
pump light beams emitted from the first and second laser 
sources and a silica fiber pumped with the pump light beam 
emitted from the third laser source. 

Referring now to FIG. 12, a tellurite fiber 1, a 
coupler 2a , a silica fiber 11 and a coupler 2b are connected 
in series. The signal light comes in the tellurite fiber 
1 from the left side . The first and second pump light beams 
(A,l and X2) emitted from the first and second laser sources 
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5a, 5b are combined in the coupler 4 and then introduced 
into the tellurite fiber 1 via the coupler 2a. The third 
pump light beam (X3) emitted from the third laser source 
5c enters the silica fiber 11 via the coupler 2b. 
5 In this embodiment , X2 is controlled so that the first 

peak PI in the gain spectrum of the tellurite Raman 
amplifier pumped with the light of wavelength X2 is located 
at the first bottom Bl of the gain spectrum of the tellurite 
Raman amplifier pumped with the light of wavelength XI. 
10 Through this setting, the second peak P2 in the gain 
spectrum of the tellurite Raman amplifier pumped with the 
light of wavelength X2 is located in the second bottom B2 
in the gain spectrum of the tellurite Raman amplifier 
pumped with the light of wavelength Xl . On the other hand, 
15 X3 is controlled so that the peak in the gain spectrum of 
the silica Raman amplifier pumped with the light of 
wavelength X3 is located at the first bottom Bl of the gain 
spectrum of the tellurite Raman amplifier pumped with the 
light of wavelength Xl. Namely, in this embodiment, the 
20 first bottom Bl in the gain spectrum provided by the pump 
light of wavelength Xl is compensated by the peak in the 
gain spectrum provided by the pump beams of wavelengths 
X2 and X3 , while the second bottom B2 in the gain spectrum 
provided by the pump light of wavelength X.1 is compensated 
25 by the second peak P2 in the gain spectrum provided by the 
pump beam of wavelength X2 . As a result of such settings. 
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a flat gain spectrum is obtained over a wide wavelength 
range. However, in general, the flatness of the spectrum 
is inferior to that provided by the seventh embodiment. 
Thus it is preferable to install a gain equalizer between 
5 the tellurite fiber 1 and the silica fiber 11 r preferably, 
between the coupler 2a and the silica fiber 11, for higher 
flatness . 

This compensation is attained by setting the 

difference between Xl and X2 at ?v,2-A,l=40±30nm, namely, 

w 

2} 10 10nm<X2-X,l<70nm. This difference corresponds to a 

H difference of 42-290cnr 1 in wavenumber between the first 

ft. 
"S,-Jt 

pump light and the second pump light in the wavelength band 
of interest in this embodiment. Besides, the difference 
between A.1 and X3 is set at Xl-X3=25±15nm, namely, 
15 10nm<Xl-^3<40nm. This difference corresponds to a 

difference of 42 -166cm" 1 in wavenumber between the first 
pump light and the third pump light in the wavelength band 
of interest in this embodiment. 

In the configuration of this embodiment, the depth 
20 of the first bottom(gap between the gain coefficients at 
the first peak and the first bottom) in the spectrum of 
the tellurite fiber installed in the upstream of the signal 
light is smaller than that seen in the seventh embodiment 
where the tellurite fiber is pumped with light of a single 
25 wavelength. Therefore, it is possible to raise the 

minimum gain of the tellurite fiber around the first bottom. 
As a result, the noise figure is reduced and the signal 
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output is raised. 

The above effect is specifically explained below. 
FIG. 13 is a diagram illustrating the gain spectrum ( solid 
line, on-off gain) provided by a single -wavelength pumping 
using pump light of wavelength Xl and the gain 
spectrum (dotted line, on-off gain) provided by two- 
wavelength pumping using pump light beams of wavelengths 
XI and \2 . The insertion loss caused by the tellurite fiber 
and optical components such as adjacent couplers is about 
6dB. Thus in the case of the single -wavelength pumping, 
the net Raman gain at the first bottom Bl is about -0.5dB. 
Meanwhile, in the case of the two -wavelength pumping, the 
net Raman gain is about 4dB in the same region, considerably 
larger than that provided by the single -wavelength 
pumping. 

When the tellurite fiber pumped with the two- 
wavelength pumping is used along with the silica fiber 
pumped with the single-wavelength pumping, it is necessary 
to control the ratio between the gain coefficient (unit : 
dB) at the first peak in the gain spectrum of the tellurite 
fiber pumped with the two -wave length pumping and the gain 
coefficient (unit: dB) at the second peak. As shown in 
FIG. 2, the ratio, gain coefficient at the first peak PI : 
gain coefficient at the second peak P2, is 100:70 during 
the single-wavelength pumping. When implementing the 
two -wavelength pumping, the ratio between the gain 
coefficient at the first peak PI and that at the second 
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peak P2 should lie between 100 : 80 and 100 : 100 . Under such 
settings, a good matching is provided for the gain spectra 
for the tellurite fiber and the silica fiber, presenting 
a gain spectrum flatter than those resulting from the other 
5 settings for the above ratio. 

Considering the asymmetric spectrum of the gain 
coefficient for the silica fiber, the gain coefficient at 
the second peak should be lower than that at the first peak. 
O As shown in FIG. IB, the gain coefficient of the silica fiber 

m 10 falls more slowly at shorter wavelengths of the peak than 
m at longer wavelengths . When the gain peak for the silica 

2l fiber overlaps the first bottom for the tellurite fiber, 

the gain spectrum at the second peak P2 of the tellurite 
Hi fiber is compensated by overlap of the slowly declining 

rT 15 gain spectrum of the silica fiber. On the other hand, the 

gain spectrum at the first peak of the tellurite fiber is 
not compensated by the gain spectrum of the silica fiber 
almost at all. Thus a flat gain spectrum as a whole can 
be provided for the amplifier system by reducing the second 
20 peak in the gain spectrum of the tellurite fiber in advance. 



[Example 9] 

In the Raman amplifier shown in FIG. 12, the 
wavelength of the first pump light emitted from LDM-1 was 
25 set at 1450nm and its power at 200mW. The wavelength of 
the second pump light emitted from LDM-2 was set at 1410nm 
and its power at 200mW. The wavelength of the third pump 
light emitted from LDM-3 was set at 1475nm and its power 
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at 200mW. The tellurite fiber 1 and the silica fiber 11 
were 200m and 5km long, respectively. 

The Raman amplifier of this example provided a flat 
gain spectrum( f lat gain bandwidth of 80nm) over the about 
5 1550nm-1630nm wavelength region. 

The ninth Embodiment 

The ninth embodiment of the present invention is a 
tellurite Raman amplifier shown in FIG. 14 that has first, 

10 second, third and fourth laser sources for pump light beams 
of different wavelengths, a tellurite fiber pumped with 
the pump light beams emitted from the first and second laser 
sources and a silica fiber pumped with the pump light beams 
emitted from the third and fourth laser sources. 

15 Referring now to FIG. 14 , a tellurite fiber 1, a 

coupler 2a, a gain equalizer 15, a silica fiber 11 and a 
coupler 2b are connected in series. The signal light is 
introduced into the tellurite fiber 1 from the left side. 
The first and second pump light beams emitted from the first 

20 and second laser sources 5a, 5b are combined in the coupler 
4a and then enter the tellurite fiber 1 via the coupler 
2a. The third and fourth pump light beams emitted from 
the third and fourth laser sources 5c, 5d are combined in 
the coupler 4b and then enter the tellurite fiber 1 via 

25 the coupler 2b. 

In this embodiment, \2 is controlled as described in 
the eighth embodiment so as to compensate the first bottom 
Bl of the gain spectrum of the tellurite Raman amplifier 
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pumped with the light of wavelength Xl. On the other hand, 
X3 is controlled so that the peak in the gain spectrum of 
the silica Raman amplifier pumped with the light of 
wavelength X3 compensates the first bottom Bl of the gain 
spectrum of the tellurite Raman amplifier pumped with the 
light of wavelength XI. Further, X4 is controlled so that 
the peak in the gain spectrum of the silica Raman amplifier 
pumped with the light of wavelength X4 is located at the 
second bottom B2 of the gain spectrum of the tellurite Raman 
amplifier pumped with the light of wavelength Xl. As a 
result of such settings, a flat gain spectrum is obtained 
over a wide wavelength range because both gain coefficients 
at the first and second bottoms Bl and B2 provided by the 
pump light of wavelength Xl are compensated. However, in 
general, the flatness of this spectrum is inferior to that 
provided by the seventh embodiment . Thus it is preferable 
to install a gain equalizer 15 between the tellurite fiber 
and the silica fiber for higher flatness of the gain 
spectrum. 

Also in the configuration of this embodiment, since 
the tellurite fiber is pumped with the pump light beams 
of two wavelengths, the minimum gain at the first bottom 
Bl in the spectrum of the tellurite fiber installed in the 
upstream stage of the signal light can be raised. As a 
result , the noise figure is reduced and the signal output 
is raised. The conditions of the gain coefficient ratio 
for providing such effects are the same as those described 
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in the eighth embodiment . 

The above compensation is attained by setting the 
difference between A,l and \2 at Xl-A,2=50± 20nm, namely, 

30nm<A,l-^2<70nm. This difference corresponds to a 
difference of 84 -290cm" 1 in wavenumber between the first 
pump light and the second pump light. Besides, the 
difference between XI andX3 is set at X3-A,l=25±15nm, namely, 
10nm<X3-A.K40nm. This difference corresponds to a 
difference of 42-166cnf 1 in wavenumber between the first 
pump light and the third pump light. In addition, the 
difference between XI andA,4 is set at M-X4=40±30nm, namely, 
10nm<Xl-A,4<70nm. This difference corresponds to a 
difference of 42-290cnr x in wavenumber between the first 
pump light and the fourth pump light . 

[Example 10] 

In the Raman amplifier shown in FIG. 14, the 
wavelength of the first pump light emitted from LDM-1 was 
set at 1450nm and its power at 200mW. The wavelength of 
the second pump light emitted from LDM-2 was set at 1410nm 
and its power at 200mW. The wavelength of the third pump 
light emitted from LDM-3 was set at 1475nm and its power 
at 150mW. The wavelength of the fourth pump light emitted 
from LDM-4 was set at 1400nm and its power at 150mW. The 
tellurite fiber 1 and the silica fiber 11 were 200m and 
5km long, respectively. 

The Raman amplifier of this example provided a flat 
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gain spectrum (flat gain bandwidth of 130nm) over the about 
1500nm~1630nm wavelength range. 

The tenth Embodiment 
5 The tenth embodiment of the present invention is a 

tellurite Raman amplifier shown in FIG . 15 that has first 
to sixth laser sources for pump light beams of different 
wavelengths, a first tellurite fiber pumped with the pump 
Q light beams emitted from the first and second laser sources , 

g\ 10 a silica fiber pumped with the pump light beams emitted 
from the third and fourth laser sources, and a second 
tellurite fiber pumped with the pump light beams emitted 
from the fifth and sixth laser sources. 

Referring now to FIG, 15, the first tellurite fiber 
15 la, a coupler 2a, a gain equalizer 15a, a silica fiber 11, 
a coupler 2b , a gain equalizer 15b, the second tellurite 
fiber lb, and a coupler 2c are connected in series. Signal 
light is introduced into the first tellurite fiber la from 
the left side. The first and second pump light beams(Xl, 
20 X2) emitted from the first and second laser sources 5a, 
5b are combined in the coupler 4a and then enter the first 
tellurite fiber la via the coupler 2a . The third and fourth 
pump light beams (X3, X,4) emitted from the third and fourth 
laser sources 5c, 5d are combined in the coupler 4b and 
25 then enter the silica fiber 11 via the coupler 2b. The 
fifth and sixth pump light beams emitted from the fifth 
and sixth laser sources 5e, 5f are combined in the coupler 
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4c and then enter the second tellurite fiber lb via the 
coupler 2c. 

This embodiment is a configuration capable of further 
improving the amplifier output level than the ninth 
embodiment. In the Raman amplifier of the ninth 
embodiment using the tellurite fiber shown in FIG. 14 
installed in the former stage, the amplifier output level 
becomes low at wavelengths other than the flat gain 
wavelength range of the silica fiber, because the flat gain 
wavelength range of the silica fiber is narrower than that 
of the tellurite fiber. In contrast, in the Raman 
amplifier having the silica fiber in the former stage 
opposite to the configuration of FIG. 14, the noise figure 
becomes high at wavelengths range other than the flat gain 
wavelength range of the silica fiber. The amplifier 
according to the present embodiment overcomes the above 
drawbacks by using the second tellurite fiber lb. Namely, 
since the second tellurite fiber lb located in the output 
stage downstream of the silica fiber 11 has a wider 
wavelength range of flat gain, it becomes possible to 
prevent a decrease of amplifier output level at wavelengths 
other than the flat gain wavelength region of the silica 
fiber. 

Further, since the more wideband tellurite fiber is 
employed in the input stage as well, the noise figure can 
be reduced. Also in the configuration according to the 
present embodiment, since the first tellurite fiber la is 
pumped with the pump light of two wavelengths , the noise 
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figure is lowered and the output lavel of signal light is 
raised at the first bottom Bl in the gain spectrum of the 
tellurite fiber, as is the case with the eighth embodiment . 
The conditions of the gain coefficient ratio for providing 
5 such effects are the same as those described in the eighth 
embodiment . 

The conditions that XI, X2, X3 and X4 must meet are 
the same as those for the ninth embodiment. The settings 
for X5 and X.6 are the same as those for A.1 and X2 . Namely, 
10 X6 is controlled so that the first peak in the gain spectrum 
of the tellurite Raman amplifier pumped with the light of 
K wavelength X6 is located at the first bottom Bl of the gain 

spectrum of the tellurite Raman amplifier pumped with the 
light of wavelength X.5. The difference between X5 and X6 
15 in this setting becomes A,5-X6 = 40±30nm, namely, 

10nm<X5-X6<70nm. This difference corresponds to a 
difference of 125-290cm" 1 in wavenumber between the fifth 
pump light and the sixth pump light. Although Xb and X6 
can be controlled independently of Xl and X2 , the settlings 
20 for X5 and X6 is preferably the same as those for Xl and 
X2. 

In the configuration shown in FIG. 15, the laser 
sources 5e and 5f for the second tellurite fiber are 
provided separately from the laser sources 5a and 5b for 
25 the first tellurite fiber. However, as shown in FIG. 5, 
the complex pump light obtained by coupling the pump light 
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beams emitted from the laser sources 5a and 5b may be 
divided and then supplied to both of the first and second 
tellurite fibers. 

[Example 11] 

In the Raman amplifier shown in FIG. 15, the 
wavelength of the first pump light emitted from LDM-1 was 
set at 1450nm and its power at 200mW. The wavelength of 
the second pump light emitted from LDM-2 was set at 1410nm 
and its power at 200mW. The wavelength of the third pump 
light emitted from LDM-3 was set at 1475nm and its power 
at 150mW. The wavelength of the fourth pump light emitted 
from LDM-4 was set at 1400nm and its power at 150mW. The 
wavelength of the fifth pump light emitted from LDM-5 was 
set at 1450nm and its power at 200mW. The wavelength of 
the sixth pump light emitted from LDM-6 was set at 1410nm 
and its power at 200mW. The first tellurite fiber la, the 
silica fiber 11, and the second tellurite fiber lb were 
200m, 5km and 200m long, respectively. 

The Raman amplifier of this example provided a flat 
gain spectrum (flat gain bandwidth of 130nm) over the about 
1500nm-1630nm wavelength region. The output level of the 
Raman amplifier according to the present embodiment was 
20dBm, greater than 18dBm provided by the amplifier of 
Example 10 . 

The eleventh Embodiment 

The eleventh embodiment of the present invention is 
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a tellurite Raman amplifier shown in FIG. 16 that has first 
and second laser sources for pump light of different 
wavelengths, a tellurite fiber pumped with the first pump 
light emitted from the first laser source and an 
5 Erbium- doped fiber pumped with the second pump light 
emitted from the second laser source. 

Referring now to FIG. 16, the tellurite fiber 1, a 
coupler 2, another coupler 6 and the Erbium-doped fiber 
21 are connected in series. The signal light is introduced 
10 into the tellurite fiber 1 from the left side (namely, the 
tellurite fiber 1 is located in the upstream stage in the 
incident direction of signal light). The first pump 



rtl 

light (X.1) emitted from the first laser source 5a enters 



Pii the tellurite fiber 1 via the coupler 2. Meanwhile, the 

iU 15 second pump light (^2) emitted from the second laser source 
5b enters the Erbium- doped fiber 21 via the coupler 6. 

In this embodiment, >^1 is controlled so that the peak 
in the gain spectrum of the Erbium (Er) -doped fiber 
compensates the first bottom Bl in the gain spectrum of 
20 the tellurite Raman amplifier pumped with the light of 
wavelength Xl . A flat spectrum is obtained over a wide 
wavelength range by compensating the gain coefficient at 
the first bottom Bl in the gain spectrum provided by the 
pump light of wavelength Xl . 
25 Available Er-doped fibers include Er-doped tellurite 

fibers, Er-doped fluoride fibers and Er-doped silica 
fibers. Typically, the gain spectrum of the Er-doped 
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fiber has a peak at around 1530- 157 Onm. The wavelength 
X2 used in the pump laser for the Er-doped fiber is 
1450-1500nm; preferably, X2 is 1480nm. Although the 
Er-doped fiber takes the configuration for forward pumping 
in FIG. 16, it may take the configuration for backward 
pumping . 

Since the Er-doped fiber has a narrow peak in its gain 
spectrum, the tellurite fiber 1 having a wider range of 
flat gain should be installed in the upstream stage of the 
incident direction of signal light. 

On the other hand, since the wavelength Xl is 
controlled so that the peak in the gain spectrum of 
Erbium (Er) -doped fiber compensates the first bottom Bl in 
the gain spectrum of the tellurite Raman amplifier pumped 
with the light of wavelength Xl , XI is 1400-1450nm and 
preferably 1430nm. 

[Example 12] 

In the Raman amplifier shown in FIG. 16, the 
wavelength of the first pump light emitted from LDM-1 was 
set at 1430nm and its power at 200mW. The wavelength of 
the second pump light emitted from LDM-2 was set at 1480nm 
and its power at 200mW. The tellurite fiber 1 and the 
Er-doped fiber 21 were 200m and 5m long, respectively. The 
concentration of doped Erbium was 2000ppm by weight. 

The Raman amplifier of this example provided a flat 
gain spectrum (flat gain bandwidth of 8 Onm) over the about 
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1520-1600nm wavelength region. 

The twelfth Embodiment 

The twelfth embodiment of the present invention is 
a tellurite Raman amplifier shown in FIG. 17 that has a 
tellurite fiber, a first laser source for pumping the 
tellurite fiber, a wavelength- selective splitter for 
dividing signal light amplified in the tellurite fiber 
selectively according to wavelength, a Thulium(Tm) -doped 
fiber where one branch of divided signal light enters, a 
second laser source for pumping the Tm-doped fiber, and 
a coupler that combines the signal light amplified in the 
Tm-doped fiber and the other branch of signal light divided 
with the splitter. 

Referring now to FIG. 17, a tellurite fiber 1, a 
coupler 2a and a wavelength- selective splitter 14 are 
connected in series. The signal light comes in the 
tellurite fiber 1 from the left side (namely, the tellurite 
fiber 1 is located in the upstream stage in the incident 
direction of signal light). The first pump light(M) 
emitted from the first laser source 5a enters the tellurite 
fiber 1 via the coupler 2a. Signal light is split by the 
wavelength- selective splitter 14 into the signal branch 
of the first wavelength region and the other of the second 
wavelength region. The signal branch of the first 
wavelength region passes through the coupler 2b, amplified 
in the Tm-doped fiber 31, and reaches the coupler 4. On 
the other hand, the signal branch of the second wavelength 
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region directly reaches the coupler 4. The second pump 
light (X2) emitted from the second laser source 5b enters 
the Thulium-doped fiber 31 via the coupler 2b. The first 
and second signal branches are joined in the coupler 4 to 
5 be the output light of the amplifier. 

In this embodiment, Xl is controlled so that the peak 
in the gain spectrum of the Thulium(Tm) -doped fiber 
compensates the second bottom B2 in the gain spectrum of 
the tellurite Raman amplifier pumped with the light of 
10 wavelength XI. A flat spectrum is obtained over a wide 
wavelength range by compensating the gain coefficient at 
the second bottom B2 in the gain spectrum provided by the 
pump light of wavelength XI. 

Available Tm- doped fibers include Tm- doped tellurite 
15 fibers, Tm-doped fluoride fibers and Tm-doped silica 

fibers. The wavelength X2 of the second pump light for 
the Tm-doped fiber is 1400nm. The gain wavelength region 
of the Tm-doped fiber is about 1460-1510nm, while in the 
wavelength longer than 1510nm there occurs a loss due to 
20 the ground state absorption. Although the Tm-doped fiber 
31 takes the configuration for forward pumping in FIG. 17, 
it may take the configuration for backward pumping. 

In order to avoid the fiber loss caused by the 
Tm-doped fiber, the signal light is split with the 
25 wavelength- selective splitter 16 into the first 

wavelength (about 1460-1510nm) branch and the second 
wavelength (about 1515-1620nm) branch. Then only the 
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first wavelength signal branch is pumped in the Tm-doped 
fiber 31 and guided to the coupler 4. Meanwhile, the 
splitter 16 and the coupler 4 are connected with an optical 
fiber having a negligible loss in the propagation path of 
the second wavelength signal branch. In this case, the 
1510-1515nm region is the dead band for the splitter and 
the coupler. 

The wavelength Xl of the pump light for the tellurite 
fiber 1 is 1310-1480nm, preferably 1450nm, in order to 
match the gain region of the Tm-doped fiber with the second 
bottom. 

[Example 13] 

In the Raman amplifier shown in FIG. 17, the 
wavelength of the first pump light emitted from LDM-1 was 
set at 1450nm and its power at 200mW. The wavelength of 
the second pump light emitted from LDM-2 was set at 1400nm 
and its power at 200mW. The tellurite fiber 1 and the 
Tm-doped fiber 31 were 200m and 5m long, respectively. The 
concentration of doped Thulium was 6000ppm by weight. 

The Raman amplifier of this example provided a flat 
gain spectrum( f lat gain bandwidth of 160nm) over the about 
1460-1620nm wavelength region excluding the 1510-1515nm 
dead band. 

The thirteenth Embodiment 

The thirteenth embodiment of the present invention 
is a tellurite Raman amplifier shown in FIG. 18 that has 



-49- 



a tellurite fiber, a first laser source for pumping the 
tellurite fiber, a wavelength- selective splitter for 
dividing the signal light amplified in the tellurite fiber 
selectively according to wavelength, a Thulium (Tni) -doped 
fiber where one branch of the divided signal light enters, 
a second laser source for pumping the Tm-doped fiber, a 
silica fiber where the other branch of signal light divided 
with the splitter enters , a third laser source for pumping 
the silica fiber, and a coupler that combines the signal 
light branch amplified in the Tm-doped fiber and the other 
signal light branch amplified in the silica fiber. 

Referring now to FIG. 18, a tellurite fiber 1, a 
coupler 2a and a wavelength-selective splitter 14 are 
connected in series. Signal light comes in the tellurite 
fiber 1 from the left side (namely, the tellurite fiber 1 
is located in the upstream stage in the incident direction 
of signal light). The first pump light (XI) emitted from 
the first laser source 5a enters the tellurite fiber 1 via 
the coupler 2a. The signal light is split by the 
wavelength- selective splitter 14 into the signal branch 
of the first wavelength region and the other of the second 
wavelength region. The signal branch of the first 
wavelength region passes through the coupler 2b, amplified 
in the Tm-doped fiber 31, and reaches the coupler 4. On 
the other hand, the signal branch of the second wavelength 
region is amplified in the silica fiber 11, passes through 
the coupler 2c and reaches the coupler 4 . The second pump 
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light (X2) emitted from the second laser source 5b enters 
the Thulium-doped fiber 31 via the coupler 2b. The third 
pump light emitted from the third laser source 5c enters 
the silica fiber 11 via the coupler 2c. The first and 
second signal branches are joined in the coupler 4 to be 
the output light of the amplifier. In the present 
embodiment as well, the 1510-1515nm wavelength region is 
the dead band for the splitter and the coupler. 

In this embodiment , Xl is controlled so that the peak 
in the gain spectrum of the Thulium (Tm) -doped fiber 
compensates the second bottom B2 in the gain spectrum of 
the tellurite Raman amplifier pumped with the first pump 
light of wavelength Xl. In the other words, the second 
bottom B2 in the gain spectrum provided by the first pump 
light of wavelength Xl is flattened by the Tm-doped fiber 
31. The wavelength Xl of the pump light for the tellurite 
fiber 1 is 1310-1480nm, preferably 1450nm, in order to 
match the gain region of the Tm-doped fiber with the second 
bottom. Although the Tm-doped fiber 31 takes the 
configuration for forward pumping in FIG. 18, it may take 
the configuration for backward pumping. 

Meanwhile , the wavelength X3 of the third pump light 
from the third laser source is controlled so as to 
compensate the first bottom Bl in the gain spectrum of the 
tellurite Raman amplifier pumped with the light of 
wavelength Xl. The wavelength X3 should be between 
1380-1550nm, preferably 1480nm. Although the silica 
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fiber 11 takes the configuration for backward pumping in 
FIG. 18, it may take the configuration for forward pumping. 

As described above, the first bottom in the gain 
spectrum of the tellurite Raman amplifier pumped with the 
light of wavelength Xl is compensated with the peak in the 
gain spectrum of the silica fiber, and its second bottom 
is compensated with the peak in the gain spectrum of the 
Tm-doped fiber. Then a flat spectrum is obtained over a 
wide wavelength range. 
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[Example 14] 

In the Raman amplifier shown in FIG. 18, the 
wavelength of the first pump light emitted from LDM-1 was 
set at 1450nm and its power at 200mW. The wavelength of 
P 15 the second pump light emitted from LDM-2 was set at 1400nm 
p and its power at 200mW. The wavelength of the third pump 

light emitted from LDM-3 was set at 1480nm and its power 
at 200mW. The tellurite fiber 1 and the silica fiber 11 
were 200m and 5km long, respectively. The Tm-doped fiber 
20 31 was 5m long. The concentration of doped Thulium was 
6000ppm by weight. 

The Raman amplifier of this example provided a flat 
gain spectrum( f lat gain bandwidth of 160nm) over the about 
1460-1620nm wavelength range excluding the 1510-1515nm 
25 dead band. 

The fourteenth Embodiment 

The fourteenth embodiment of the present invention 
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is a tellurite Raman amplifier shown in FIG. 19 that has 
first, second and third laser sources, a tellurite fiber 
pumped with the light emitted from the first laser source, 
a rare-earth doped fiber (for example, Thulium (Tm) -doped 
5 fiber and Erbium- doped fiber) pumped with the light emitted 
from the second laser source, and a silica fiber pumped 
with the light emitted from the third laser source. In 
this configuration, the tellurite fiber, the rare-earth 
doped fiber and the silica fiber are connected in series. 

y 10 Referring now to FIG. 19, a tellurite fiber 1, a 

Bi 

H coupler 2a, another coupler 2b, a Tm-doped fiber 31, a 

%! 

%i silica fiber 11 and another coupler 2c are connected in 

series . The signal light is introduced into the tellurite 
fiber 1 from the left side (namely, the tellurite fiber 1 
15 is located in the upstream stage in the incident direction 
of signal light). The first pump light (A,l) emitted from 
the first laser source 5a enters the tellurite fiber 1 via 
the coupler 2a. The second pump light (A.2) emitted from 
the second laser source 5b enters the Tm-doped fiber 31 
20 via the coupler 2b. The third pump light (X3) emitted from 
the third laser source 5c the silica fiber 11 via the 
coupler 2c • 

The wavelength \2 of the second pump light emitted 
from the second laser source is determined according to 
25 the rare -earth element that is employed. The rare -earth 
elements that can be used in this embodiment include 
Thulium and Erbium, preferably Thulium. In the case of 
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using Thulium, the wavelength for pumping should be 1400nm 
and its resulting gain wavelength region will be 1460- 
1510nm. The width of the gain bandwidth provided by such 
rare-earth doped fibers is about 50nm. At wavelengths 
longer than the gain wavelength region, the ground state 
absorption(in case of Thulium) or upper state 
absorption(in case of Erbium) take place. Thus the 
wavelength XI of the pump light emitted from the first laser 
source is controlled so that the gain region of the 
rare-earth doped fiber overlaps the first or second bottom 
in the gain spectrum of the tellurite fiber pumped with 
the light of wavelength Xl. This settling makes it 
possible to prevent a rise in the noise figure of the whole 
amplifier system. Namely, signal light at wavelengths 
longer than the gain wavelength region provided by the 
rare -earth elements is amplified in advance with the 
tellurite fiber located in the input stage. 

Further, the signal light coming out of the rare- 
earth doped fiber is amplified with the silica fiber 
located in the output stage . The wavelength X3 of the third 
pump light for the silica fiber is controlled so as to 
compensate the first or second bottom in the gain spectrum 
provided by the pump light of wavelength Xl. 

The settings according to the present embodiment make 
whichever possible to: compensate the first bottom in the 
spectrum of the tellurite fiber with the rare- earth doped 
fiber and compensate the second bottom with the silica 
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fiber; or compensate the second bottom with the rare -earth 
doped fiber and compensate the first bottom with the silica 
fiber. 

When using Thulium as the rare -earth element in this 
embodiment, the wavelength A,l of the first pump light for 
the tellurite fiber can be set at 1310-1480nm, preferably 
145 Onm, and the wavelength X3 of the third pump light for 
the silica fiber can be set at 1380-1550nm, preferably 
1480nm. 

The preferred configuration in the present 
embodiment is that the rare-earth doped fiber compensates 
the first bottom in the gain spectrum of the tellurite fiber 
and the silica fiber compensates the second bottom. 
Specifically, the settings become Xl=1450nm and X3=1480nm. 

One of the advantages of this configuration is the 
elimination of the dead band. Namely, in the thirteenth 
embodiment where the rare-earth doped fiber and the silica 
fiber are connected in parallel, there appears a hole in 
the gain spectrum because of the dead band of the 
wavelength- selective splitter used in this parallel 
connection. In contrast, according to the present 
embodiment, all the fibers are connected in series, 
eliminating the necessity of using a wavelength- selective 
splitter. Thus it becomes possible to prevent a hole in 
the gain spectrum(dead band of the whole system). 

Another advantage of this embodiment is that the gain 
spectra of the Thulium-doped fiber and the silica fiber 
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can be combined at a high efficiency. In the thirteenth 
embodiment, the efficiency in combining the gain spectra 
was low because the output beams provided by two fibers 
connected in parallel were combined in parallel . However, 
the serial combination provided by the serial connection 
of the fibers makes it possible to raise the efficiency 
in combining gain spectra. 

[Example 15] 

In the Raman amplifier shown in FIG. 19 , the 
wavelength of the first pump light emitted from LDM-1 was 
set at 1450nm and its power at 200mW. The wavelength of 
the second pump light emitted from LDM-2 was set at 1400nm 
and its power at 200mW. The wavelength of the third pump 
light emitted from LDM-3 was set at 1480nm and its power 
at 200mW. The tellurite fiber 1 and the silica fiber 11 
were 200m and 5km long, respectively. The Tm- doped fiber 
31 was 5m long. The concentration of doped Thulium was 
6000ppm by weight. 

The Raman amplifier of this example provided a flat 
gain spectrum (flat gain bandwidth of 160nm) over the about 
1460-1620nm wavelength region with no dead band. 

The fifteenth Embodiment 

The Raman amplifier according to the fifteenth 
embodiment of the present invention is an optical fiber 
amplifier shown in FIG. 20 that has a laser source and a 
rare -earth doped fiber (for example, Thulium (Tm) -doped 
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fiber and Erbium- doped fiber) pumped with the laser source . 

Referring now to FIG. 20, the Erbium-doped tellurite 
fiber 41 and a coupler 2 are connected in series. The pump 
light (X) emitted from the laser source 5 enters the 
5 Erbium-doped tellurite fiber 41 via the coupler 2. The 
Erbium-doped tellurite fiber 41 simultaneously acts as a 
gain medium for stimulated Raman amplification by 
tellurite fiber and that for amplification by Erbium ion. 
In this embodiment , the first bottom in the Raman gain 
10 spectrum of the tellurite fiber pumped with the light of 
wavelength X is compensated with the peak in the gain 
r jl spectrum of the doped Er pumped with the light of wavelength 

X. The wavelength X is 1410-1440nm, preferably 143 Onm. 
Erbium ions can be pumped with the pump light of a 
15 wavelength of around 1430nm and its gain spectrum, which 
is slightly different from that of the thirteenth 
embodiment though, has a peak at around 1530-1570nm as 
well . 

In this embodiment, the gain obtained by stimulative 
20 Raman amplification is proportional to the output power 
of pump light and the length of the tellurite fiber 41. 
On the other hand, the gain provided by Er is proportional 
to the product of the output power of pump light, the 
concentration of doped Er ions and the length of the fiber 
25 41. Thus the Erbium concentration should be lOOOppm by 
weight or less, preferably 250ppm by weight or less, in 
order to control the power of pump light within a practical 
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range for providing the desired Raman gain. For example, 
so as to equalize the gain provided by Er ions to the Raman 
gain of the tellurite fiber for yielding a flat gain 
spectrum, the fiber should be 50m when a fiber doped lOOOppm 
by weight of Er ions is employed, while it should be 250m 
when a fiber doped 250ppm by weight is employed. Namely, 
the Raman amplification efficiency in the latter case is 
about five times as high as the former. 

[Example 16] 

Referring now to FIG. 19, the wavelength of the pump 
light emitted from LDM was set at 1430nm and its power at 
200mW. The Erbium-doped tellurite fiber 41 was 250m long 
and its Er concentration was 250ppm by weight. 

The Raman amplifier of this example provided a flat 
gain spectrum(flat gain bandwidth of 80nm) over the about 
1520-1600nm wavelength range. 

The sixteenth Embodiment 

The Raman amplifier according to the sixteenth 
embodiment of the present invention is an optical fiber 
amplifier shown in FIG. 21 that has first and second laser 
sources and a rare-earth doped fiber(for example, 
Thulium(Tm) -doped fiber and Erbium-doped fiber) pumped 
with the first and second laser sources. The preferable 
rare-earth elements that can be used in this embodiment 
include Erbium and Thulium, preferably Erbium. Also, in 
this embodiment. The rare-earth doped fiber 
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simultaneously acts as a gain medium for stimulated Raman 
amplification and that for amplification by rare-earth. 

Referring now to FIG. 21 , the Erbium-doped tellurite 
fiber 41 and a coupler 2 are serially connected. The pump 
light beams (X,l, X2) emitted from the first and second laser 
sources 5a, 5b are combined in the coupler 4 and enter the 
Erbium-doped tellurite fiber 41 via the coupler 2. 

In this embodiment, the first bottom in the gain 
spectrum of the tellurite fiber pumped with the first pump 
light of wavelength Xl is compensated with the peak in the 
gain spectrum of the doped Er pumped with the light of 
wavelength \2 . The wavelength \1 is 1410-1440nm, 
preferably 1430nm. The wavelength X2 is 1450-1500nm, 
preferably 1480nm. 

In the present embodiment as well, the concentration 
of Erbium should be lOOOppm by weight or less, preferably 
250ppm by weight or less, because of the reason described 
in the fifteenth embodiment. 

The seventeenth Embodiment 

The seventeenth embodiment of the present invention 
is an optical communication system shown in FIG. 22 that 
has at least one transmission line span including (a) a 
repeater incorporating first and second laser sources and 
a tellurite fiber pumped with the light emitted from the 
first laser source, and (b) a transmission line consisting 
of a silica fiber pumped with the light emitted from the 
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second laser source. 

Referring now to FIG. 22, a silica fiber 13a serving 
as a transmission line, a coupler 2a, a tellurite fiber 
1 and a coupler 2b are connected in serial, and this 
component set is further connected to another silica fiber 
13b serving as a transmission line of the next span. The 
first pump light (Xl) emitted from the first laser source 
5a enters the tellurite fiber 1 via the coupler 2a. The 
second pump light (X2) emitted from the second laser source 
5b enters the silica fiber 13a via the coupler 2b. The 
repeater 14 includes the first and second laser sources 
5a, 5b, two couplers 2a, 2b and tellurite fiber 1. One 
repeater 14 and one transmission line (silica fiber 13a) 
form one span of the transmission line. 

The first bottom in the gain coefficient spectrum of 
the tellurite fiber 1 provided by the first pump light (Xl) 
emitted from the first laser source is controlled to 
overlap the peak in the gain coefficient spectrum of the 
silica fiber provided by the second pump light (X2) emitted 
from the second laser source. Specifically, the 
difference between Xl and X2 is set at X2-Xl=25±15nm, namely, 
40nm>X2-Xl>10nm. This different between Xl and X2 , X2- 
Xl, is more preferably 15nm-35nm, and most preferably 
20-30nm. The difference in wavenumber between the two 
pump light beams corresponding to such a difference in 
wavelength, 10nm-40nm, is about 42-166cirf 1 . When Xl and 
X2 are controlled as described above, the signal to noise 
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ratio in the gain region of the silica fiber is improved (the 
noise figure is reduced) due to the distributed 
amplification in the transmission line. Since the bottom 
(valley) of the gain spectrum of the tellurite fiber 1 is 
5 compensated with the peak in the gain spectrum of the silica 
fiber, a flat gain spectrum is obtained over a wide 
wavelength region. Thus the degradation of the signal to 
s .. noise ratio at around wavelengths near the bottom of the 

Cf gain spectrum of the tellurite fiber 1 can be prevented 

13 

ffi 10 easily and effectively. In addition, there is an 
li advantage that if a particularly large signal to noise 

ratio is obtained in a wavelength region where the silica 
fiber presents a large distributed gain, this wavelength 
region can be set at the zero -dispersion wavelength for 
15 the transmission line. 

The silica fibers 13a, 13b serving as transmission 
lines are such low-loss fibers as dispersion compensating 
fibers(DCF), dispersion shifted fibers (DSF) and 1.3pm 
single mode fibers in typical cases. When the Raman 
20 amplification is conducted distributively in the 

transmission line, the signal to noise ratio rises (noise 
falls) due to the distributed amplification at wavelengths 
where the distributed gain becomes high. The 1 . 3pm single 
mode fiber is a fiber having zero dispersion at 1.3]im. The 
25 dispersion shifted fiber is a fiber of which wavelength 
presenting zero dispersion is shifted from 1 . 3pm to around 
1.55|im through control of the waveguide dispersion. The 
dispersion shifted fiber is, therefore, particularly 
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important in the long-haul transmission system for the 
trunk lines, and also suitable for use in high speed 
transmission systems employing signal light of a 
wavelength around 1.55iim. 

5 

[Example 17] 

In the optical communication system shown in FIG. 22, 
the wavelength of the first pump light emitted from LDM-1 
was set at 1450nm and its power at 200mW. The wavelength 
10 of the second pump light emitted from LDM-2 was set at 
1475nm and its power at 200mW. The tellurite fiber 1 and 
the silica fiber 13a serving as a transmission line were 
200m and 40km long, respectively. 

The optical communication system of this example 
15 provided a flat gain spectrum(f lat gain bandwidth of 80nm) 
5t over the about 1550-1630nm wavelength range. 
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[Example 18] 

In the optical communication system shown in FIG. 22, 
20 the wavelength of the first pump light emitted from LDM-1 
was set at 1420nm and its power at 200mW. The wavelength 
of the second pump light emitted from LDM-2 was set at 
1445nm and its power at 200mW. The tellurite fiber 1 was 
200m long. The silica fiber 13a serving as a transmission 
25 line was a DSF which was 80km in length. 

The optical communication system according to this 
example provided a flat gain spectrum (flat gain bandwidth 
of 80nm) over the about 1510-1590nm wavelength range. 
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Besides, in this example, the zero dispersion wavelength 
was able to be set at 1550nm. Since the signal to noise 
ratio became high at wavelengths near 1550nm, the 
degradation of transmission quality due to non-linear 
effects was successfully prevented. 

The eighteenth Embodiment 

The eighteenth embodiment of the present invention 
is an optical communication system shown in FIG. 23 that 
has at least one transmission line span including (a) a 
repeater incorporating first to third and fifth to sixth 
laser sources, and a first tellurite fiber pumped with the 
pump light beams emitted from the first and second laser 
sources, a first silica fiber pumped with the pump light 
emitted from the third laser source, and a second tellurite 
fiber pumped with the pump light beams emitted from the 
fifth and sixth laser sources, and (b) a transmission line 
consisting of a fourth laser source and a second silica 
fiber pumped with the pump light emitted from the fourth 
laser source. 

Referring now to FIG. 23, the Raman amplifier of the 
tenth embodiment shown in FIG. 15 is employed as the 
repeater 14. However, there is a difference that the 
silica fiber 11 is pumped with only the third pump light 
of a single wavelength X3 . A silica fiber 13 serving as 
a transmission line, a coupler 2d, the first tellurite 
fiber la, another coupler 2a, a silica fiber 11, another 
coupler 2b , the second tellurite fiber lb and another 
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coupler 2c are connected in series. The pump light 
beams (XI and \2) emitted from the first and second laser 
sources 5a, 5b enter the first tellurite fiber la via the 
coupler 4a. The pump light (X3) emitted from the third 
laser source 5c enters the silica fiber 11 via the coupler 
2b. The pump light beams (^5 and X6) emitted from the fifth 
and sixth laser sources 5e, 5f enter the second tellurite 
fiber lb via the coupler 4b. The repeater 14 includes these 
components except for the silica fiber 13 and the coupler 
2d. The pump light {\4) emitted from the fourth laser 
source 5d enters the silica fiber 13 serving as a 
transmission line via the coupler 2d. One repeater 14 and 
one transmission line (silica fiber 13) form one span of 
the transmission line. Signal light is injected into the 
repeater via the silica fiber 13. 

In the Raman amplifier according to Example 10, the 
first and second bottoms in the gain spectrum of the first 
tellurite fiber la are not completely flattened by the peak 
in the gain spectrum of the silica fiber 11 , although a 
wideband tellurite fiber is employed in the input stage. 
As a result, at either the first or second bottom or at 
both the first and second bottoms, the noise figure becomes 
larger than those at the wavelengths corresponding to the 
first and second peaks. In the optical communication 
system according to the present embodiment, however, it 
becomes possible to effectively reduce the noise figure 
at the first and second bottoms by conducting distributed 
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Raman amplification in the silica fiber 13 that serves as 
a transmission line. 

A flat gain spectrum and low noise figure are obtained 
over a wide wavelength range by the silica fiber 13 serving 
5 as a transmission line, the first tellurite fiber la and 
silica fiber 11. Also in this embodiment, the output power 
of the repeater 14 (eventually the output of the optical 
i4 communication system) can be raised by employing the second 

5? wideband tellurite fiber lb in the output stage. In this 

10 case, it is preferable to install a gain equalizer 15 
%| between the silica fiber 11 and the second tellurite fiber 

m lb for a flattened spectrum and augmented amplifier output . 

If the desired performance (flat gain over a wide band, high 
fu output power and low noise figure) is attained in a stage 

yk 15 before the silica fiber 11, the second tellurite fiber lb 
m may be omitted. 

The conditions that Xl to X6 must meet are the same 
as those for the tenth embodiment . 

Namely, the difference between Xl and X2 is set at 
20 Xl-X2=50±20nm, namely, 30nm<Xl-X2<70nm. This difference 
corresponds to a difference of 125-290cm" 1 in wavenumber 
between the first pump light and the second pump light in 
the wavelength band of interest in this embodiment. 
Besides, the difference between Xl and X3 is set at 
25 A,3-Xl=25±15nm, namely, 10nm<A.3-Xl<40nm. This difference 
corresponds to a difference of 42 -166cm" 1 in wavenumber 
between the first pump light and the third pump light. In 
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addition, the difference between Xl and XA is set at 
A,l-A,4 = 40±30nm, namely, 10nm<A.l-A4<70nm. This difference 
corresponds to a difference of 42 -290cm" 1 in wavenumber 
between the first pump light and the fourth pump light. 
5 The settings for X5 and X6 are the same as those for Xl 
and X2 . 

According to the above settings , the gain peak in the 
spectrum of the silica fiber 11 pumped with the light of 
wavelength A3 compensates the first bottom in the spectrum 
10 of the tellurite fiber pumped with the light of wavelength 
SI X.1. Meanwhile, the gain peak in the spectrum of the silica 

* fiber 13 pumped with the light of wavelength A,4 compensates 

Q 

ry the second bottom in the spectrum of the tellurite fiber 

lI pumped with the light of wavelength Xl . It is allowed that 

m 15 the gain peak pumped with wavelength X3 may compensate the 
second bottom and the gain peak pumped with wavelength XA 
may compensate the first bottom, exchanging the settings 
for the wavelengths X3 and XA* That is, the difference 
between Xl and XA may be set at A4-A,l=25±15nm, namely, 
20 10nm<A4-Xl<40nm, while the difference between Xl and X3 
may be set at Al-A,3 = 40±30nm, namely, 10nm<A,l-A3<70nm. In 
other words, the difference in wavelength between the 
fourth and first pump light beams may be 42 -166cm" 1 , and 
that between the first and third pump light beams may be 
25 42-290cnf 1 . 

Although the silica fiber 13 is pumped with the light 
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of a single wavelength in the configuration shown in FIG . 23 , 
it may be pumped with two pump light beams of different 
wavelengths. In such a case, however, those two 
wavelengths of pump light beams must meet the conditions 
5 set for above A3 and . If two pump light beams of 
different wavelengths are employed, both the first and 
second bottoms in the gain spectrum of the tellurite fiber 
M can be compensated with the distributed gain in the 

BBS? _ 

o spectrum of the silica fiber 13 and the noise figure can 

m 

10 be further reduced. Two -wavelength pumping may also be 
applied to the silica fiber 11a installed in the repeater 
ffj under the same conditions . 

q Further, in the configuration shown in FIG. 23, the 

laser sources 5e, 5f for pumping the second tellurite fiber 

K 15 are employed in addition to the laser sources 5a, 5b for 

O 

ftJ pumping the first tellurite fiber. However, it is 

possible to divide the coupled pump light made of pump light 
beams from the laser sources 5a, 5b and then supply the 
divided pump light beams to both of the first and second 
20 tellurite fibers. 



[Example 19] 

In the optical communication system shown in FIG. 23, 
the wavelength of the pump light emitted from LDM-1 and 
25 LDM-5 were set at 1450nm and its power at 200mW. The 
wavelength of the pump light emitted from LDM-2 and LDM-6 
were set at 1410nm and its power at 200mW. The wavelength 
of the pump light emitted from LDM-3 was set at 1475nm and 
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its power at 200mW. The wavelength of the pump light 
emitted from LDM-4 was set at 1400nm and its power at 200mW. 
The tellurite fiber la was 200m long, and the tellurite 
fiber lb was 180m long. The silica fiber 11 was 5km long. 
The silica fiber 13 serving as a transmission line was a 
DSF that was 80km in length. 

The optical communication system according to this 
example provided a flat gain spectrum (flat gain bandwidth 
of 130nm) over the about 1500-1630nm wavelength region. 
Moreover, the effective noise figure was lower than that 
attained in Example 11(FIG.15). Indeed, although the 
maximum noise figure attained in Example 11 was 9dB, it 
was 6dB in the current example. 

As explained so far, the inventors have made this 
invention focusing on that the gain spectrum provided by 
Raman amplification of signal light depends on pump light 
and pumping media. 

That is, the optical fiber amplifier according to the 
present invention is a Raman fiber amplifier using the 
tellurite fiber as the principle component and provides 
such merits as the bandwidth widening of flat gain band, 
reduction of noise figure and increase of the amplifier 
output, by appropriately combining the techniques of: 1) 
pumping the tellurite fiber with two wavelengths, 2) 
pumping the tellurite fiber and the silica fiber with 
different wavelengths, 3) pumping the low-concentration 
Er-doped tellurite fiber with one or two wavelengths, and 
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4) pumping the tellurite fiber and the Tin-doped fiber with 
different wavelengths. Besides, this invention 
contributes to reduced cost of the amplifier because the 
above goals can be attained with a minimal number of pump 
5 light sources . 

The optical communication system according to the 
present invention is a system employing a repeater using 
a tellurite fiber and a silica fiber transmission line 
providing the distributed amplification. This system 
10 presents such advantages as the bandwidth widening of flat 
gain band, reduction of noise figure and increase of the 
amplifier output by appropriately combining the above 
techniques, using a minimal number of pump light sources. 
The present invention thus solves the problems that 
15 the gain band is limited and that many pump light sources 
are needed in optical communication systems using the prior 
art Raman amplifier and Raman amplification technique. 

The present invention has been described in details 
with respect to various embodiments, and it will now be 
20 apparent from the foregoing to those skilled in the art 
that changes and modifications may be made without 
departing from the invention in its broader aspects, and 
it is the invention, therefore, in the appended claims to 
cover all such changes and modifications as fall within 
25 the true spirit of the invention. 
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